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ABSTRACT The binding of heterotrimeric lymphotoxin,
LT a3, to the LT receptor (LTR), a member of the tumor
necrosis factor receptor (TNFR) superfamily, induces nuclear
factor kB (NF-kB) activation and cell death in HT29 adeno-
carcinoma cells. We now show that treatment with LT«; 3, or
agonistic LT8R antibodies causes rapid recruitment of TNFR-
associated factor 3 (TRAF3) to the LT B8R cytoplasmic domain.
Further, stable overexpression of a TRAF3 mutant that lacks
the RING and zinc finger domains inhibits LTBR-mediated
cell death. The inhibition is specific for LTBR cell death
signaling, since NF-xkB activation by LT«;8, and Fas-
mediated apoptosis are not inhibited in the same cells. The
mutant and endogenous TRAF3s are both recruited at
equimolar amounts to the LT R, suggesting that the mutant
disrupts the function of the signaling complex. These results
implicate TRAF3 as a critical component of the LT3R death
signaling complex and indicate that at least two independent
signaling pathways are initiated by LT3R ligation.

The tumor necrosis factor (TNF) superfamily of cytokines and
receptors can activate nuclear factor kB (NF-«B) and effect
cell growth, differentiation, or death. Mutations can result in
developmental abnormalities, immunodeficiency, or autoim-
mune-like disorders. Lymphotoxin (LT)« and LT (for review
see ref. 1), two members of the TNF cytokine family, are
implicated in the embryonic development of secondary lymph
organs (2, 3) and in the formation of germinal centers during
immune responses in the adult (4-7). LT« can be secreted as
a homotrimer or can be anchored to the surface of activated
T lymphocytes as a heterotrimer with LT, a type II trans-
membrane glycoprotein (8-10). Secreted LTa homotrimers
can bind to the 75- to 80-kDa TNF receptor (TNFR)
(TNFRS80; type 2 or CD120b) or to the 55- to 60-kDa TNFR
(TNFR60; also known as type 1 or CD120a) (11-13), while
surface LTa;3; binds to the LTB receptor (LTBR) (14). LTBR
and the TNFRs have similar cysteine-rich, glycosylated, extra-
cellular domains, and largely nonhomologous transmembrane
and cytoplasmic domains (reviewed in ref. 15).

The TNFR cytoplasmic domains lack enzymatic activity,
and thus signaling appears to be mediated by interactive
cytoplasmic proteins. The cytoplasmic domain of TNFR60 and
Fas (Apo-1 or CD95) have homologous death domains which
can mediate apoptosis (16—20). Death domains can interact
with similar motifs in TRADD (21), MORT1/FADD (22, 23),
and a serine kinase, RIP (24). FADD can in turn interact with
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MACHI1/FLICE (25, 26), a cysteine protease that can initiate
a cascade of interleukin 18 convertase-related aspartate-
specific proteases and effect apoptosis. Although LTBR,
CD40, TNFR80, and CD30 do not have death domains,
activation of these receptors can also induce cell death in
specific cellular contexts (27-30). The cytoplasmic mediators
of cell death from these receptors are uncertain.

The TNFR-associated factor 3 (TRAF3) protein is a can-
didate signaling molecule for the non-death-domain TNFR
family members. TRAF3 was originally described as a CD40-
binding protein and as a protein associated with LMP1, a
dominant oncogene product of Epstein—Barr virus (31-34).
TRAF3 also interacts with the cytoplasmic regions of LTBR,
TNFR80, and CD30, but not significantly with TNFR60 or Fas
(34-36). Like most other TRAFs, TRAF3 has an N-terminal
RING finger and several zinc finger domains, a coiled-coil
region, and a C-terminal receptor-binding domain that is
homologous to other TRAFs (37). Other members of the
TRAF family interact with LTBR, TNFR80, CD40, and CD30
(34-40). Overexpression of TRAF2 or TRAFS can activate
NF-«B, a transcription factor controlling expression of genes
involved in immune and inflammatory responses (41, 42).
TRAF?2 also interacts with other cytosolic proteins, such as the
cellular homologs of baculovirus inhibitor of apoptosis 1 and
2 (43), I-TRAF/TANK (44, 45), and TRADD, the latter
providing an indirect link to TNFR60 (46). TRAF3 does not
activate NF-«B, and its functions are uncertain (37, 47). The
N-terminal putative zinc-binding domains of TRAF1, TRAF2,
TRAF3, and TRAFS are implicated as effectors in NF-«kB or
CD23 activation (31, 39, 40, 47, 48).

Although initiating events in signal transduction frequently
involve ligand-induced receptor aggregation and clustering of
cytoplasmic domains, TR AF3 interaction with TNFRs has not
been previously demonstrated to be ligand dependent. We
have therefore examined the effect of ligands on the associa-
tion of the LTBR with TRAF3 in HT29, an adenocarcinoma
cell line. We found that LTa;B, induces TRAF3 association
with LTBR in a time- and dose-dependent process. Having
established TRAF3 as a component of the LTBR signaling
complex, we investigated whether overexpression of a TRAF3
N-terminal deletion mutant in HT29 cells could abrogate the
cell death response. We found that the TRAF3 N-terminal
deletion mutant inhibits the LTBR-mediated cell death re-
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sponse, but not LTBR-mediated NF-«B activation or Fas-
mediated cell death. LTBR signaling appears to bifurcate, with
TRAF3 being in the pathway leading to cell death and possibly
other TRAFs mediating the pathway to NF-«B activation.

METHODS

Antibodies and Cytokines. Recombinant LTa, TNF (49),
and soluble LTy, (50) produced with a truncated version of
LTp lacking the cytosolic and transmembrane domains were
provided by Jeffrey Browning (Biogen). The methods for
production and characterization of antibodies to receptor-Fc
fusion proteins have been described (51). The goat anti-LTBR
does not crossreact with TNFR60, TNFRS80, or Fas as mea-
sured by immunoprecipitation of proteins overexpressed in
COS7 cells, nor does it inhibit the binding of radioiodinated
TNF or LTa to TNFR60-Fc or TNFR80-Fc. The presence of
the ligand does not block the reactivity of the goat anti-LTSR
with the receptor, although the antiserum when prebound is
competitive for binding of LT« 3,. An IgG fraction, prepared
by ammonium sulfate precipitation and ion-exchange chroma-
tography, was exhaustively dialyzed against Hanks’ balanced
salt solution, pH 7.4, and filter sterilized for use in tissue
culture. Preimmune goat serum or IgG was not toxic to
HT?29.14S cells. Rabbit anti-TRAF3 was produced by immu-
nization with a synthetic N-terminal peptide (residues 5-25) of
TRAF3, coupled to keyhole limpet hemocyanin as a carrier.
The antiserum was used at 1:1000 dilution and showed no
crossreactivity in Western blots with TRAF1, -2, or -5 made by
in vitro translation. Immune complexes were detected with
donkey anti-rabbit IgG coupled to horseradish peroxidase and
chemiluminescence substrate (ECL reagent; Amersham) with
a 15-min exposure. The monoclonal antibodies used were
anti-LTBR, BDAS [mouse IgG1 (10), a gift from J. Browning];
anti-Fas, CH11 (mouse IgM; MBL, Nagoya, Japan); anti-
TNFR60, H398 (mouse IgG2a, Biosource, Camarillo, CA);
and antibodies to intracellular adhesion molecule 1 (ICAM-1)
(mouse IgG1, Chemicon, Temecula, CA).

TRAF3 Mutant and Transfection. The TRAF3 deletion
mutant encoding amino acids 368-568 was engineered by PCR
amplification (Tag DNA polymerase) from TRAF3 cDNA
using the following oligonucleotides: 5" primer 5'-CCGGATC-
CATGGACTACAAGGACGACGATGACAAGAGCG-
CGGGGCAAGTG-3', which introduces a BamHI site; and 3’
primer: 5'-CCCTCGAGCCTGAAAAACGCAGCC-3/,
which introduces an Xhol site. The amplified product was
purified, digested with BamHI and Xhol, and ligated into
pcDNA3 (Invitrogen) and is referred to as TRAF3A1-367.

HT?29.14S was cloned from HT29 cells (American Type
Culture Collection) by limiting dilution in RPMI medium 1640
with 10% fetal bovine serum (27). HT29.14S cells were
transfected with TRAF3A1-367 or empty pcDNA3 vector by
electroporation and selected in medium with Geneticin (G418
sulfate) at 800 ug/ml (GIBCO). Transfected clones were used
in assays between passages 4 and 10 and shifted into medium
without G418 24 hr prior to assay. All cell lines tested free of
mycoplasma by PCR analysis (Mycoplasma Primer Set, Strat-
agene). Cell viability in response to cytokines or antibodies was
determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) dye reduction assay (52). The
percentage cell viability was calculated as a ratio of the dye
absorbance (570 nm) by cells cultured with cytokines or
antibodies to medium alone. The A5y for individual lines in
medium ranged from 1.1 to 1.6. Statistical analysis for calcu-
lations of ICsp and significance was carried out with PRISM and
INSTAT software (GraphPad, San Diego).

Binding and Immunoprecipitation Assays. TRAF3A1-367
protein was detected by binding to a fusion protein between
glutathione S-transferase (GST) and the cytoplasmic domain
of the LTBR (LTBR-GST) which has been previously de-
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scribed in detail (34). Cells (70% confluent in a 75-cm? flask)
were metabolically labeled with [33S]methionine and [3S]cys-
teine as described (53), extracted in buffer containing nonionic
detergent (1% Nonidet P-40/0.15 M NaCl/10 mM Tris, pH
7.4, containing 1 mM phenylmethanesulfonyl fluoride, 10
pg/ml leupeptin, 2 ug/ml aprotinin, and 0.1 mM dithiothre-
itol), and centrifuged for 5 min at 10,000 X g. The supernatant
was incubated at 4°C overnight with 3 ul of GST bound to
glutathione-Sepharose beads containing 20 ug of protein, the
beads were removed, and the supernatant was precleared twice
more. LTBR-GST beads (10 ug protein) were added to the
precleared extracts and incubated for 2 hr. LTBR-GST or GST
beads were washed in buffer, and the bound proteins were
eluted, resolved by electrophoresis on a reducing SDS/12%
polyacrylamide gel, and analyzed by PhosphorImager (Molec-
ular Dynamics). For direct immunoprecipitation with anti-
LTPBR, detergent extracts were prepared from cells, precleared
with 1 ul of preimmune goat serum, and immunoprecipitated
with goat anti-LTBR (10 ug of IgG per ml of extract) and 20
wul of protein G-Sepharose.

NF-«kB Gel-Shift Assay. DNA-binding interactions were
studied by gel-shift assays as described (54) with modification
(39) using the «B sites in the HIV-1 enhancer. The composi-
tion of the activated NF-«B complex was examined by super-
shift analysis with antiserum to Rel family members (Santa
Cruz Biotechnology).

RESULTS

TRAF3 Association with the LTBR Is Ligand Dependent.
LTa13; induction of TRAF3 association with the LTBR was
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F1G.1. Association of LTBR with TRAF3. (4) HT29.14S cells (1 X
107) were incubated for 15 min at 37°C in one of the following: medium
alone (lane 1); TNF (1 nM; lane 2); LTa (1 nM; lane 3); LTai1B2 (1
nM; lane 4); mouse anti-Fas IgM (100 ng/ml; lane 5); or anti-LTBR
(BDAS; 5 ug/ml; lane 6). Cells were extracted immediately in cold
buffer with nonionic detergent, LTBR was isolated by immunopre-
cipitation with goat anti-LTBR IgG, and TRAF3 was detected by
Western blot analysis with rabbit anti-TRAF3. (B) Time course of
TRAF3 recruitment. HT29.14S cells were incubated with LTa;32 (1
nM) for the indicated times, and treated as in 4. (C) Expression of
TRAF3 and TRAF3A1-367 in HT29.14S cells. Drug (G418)-selected
clones of HT29.14S transfected with TRAF3A1-367 or empty vector
pool (Vec) were labeled with [3S]methionine and [>S]cysteine and
proteins bound to GST (—) or LTBR-GST (+) were analyzed by
SDS/PAGE and autoradiography using a PhosphorImager (range
30-600 pixels). The arrow notes the position of TRAF3 and the asterisk
notes the position of TRAF3A1-367. Molecular mass standards (in kDa)
are shown on the left in the first lane. The ratio of TRAF3A1-367 mutant
to TRAF3 protein is as follows: 20 for clone 7; 7 for clone 8; 3 for clone
14; 6 for clone 17; 16 for clone 19; 7 for clone 30; 4 for clone 37; 11 for
clone 45; and <0.1 for vector pool and clones 33, 43, and 44.
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investigated in the HT29.14S cell line model, in which LTa4 3,
induces NF-«B activation and cell death (50). HT29.14S cells
were treated with LTay3; for 15 min, the LTBR was immu-
noprecipitated from cell lysates with specific antibody, and
TRAF3 was analyzed in the LTBR immunoprecipitate by
Western blotting with an anti-TRAF3 serum. TRAF3 immu-
noprecipitation with the LTBR increased dramatically after
treatment of the cells with recombinant soluble LT«; 3, or with
agonistic LTBR monoclonal antibody (BDAS) and did not
increase after treatment with TNF, LTe, or anti-Fas antibody
(Fig. 14). Thus, TRAF3 association with LTBR is ligand
dependent. The less abundant antigen at ~68-70 kDa is
probably a modified form of TR AF3, since it specifically reacts
with the anti-TRAF3 antiserum. The LTBR-TRAF3 complex
assembled within a minute after ligand binding (Fig. 1B),
indicating that the association is an early event in LTBR
signaling. Multiple TR AF3 crossreactive proteins of very large
size appeared during the 45 min after LTBR ligation. The
LTBR-TRAF3 complex formation was optimal between 0.1
and 1 nM LT« 3; (data not shown), concordant with the cell
death response to this ligand in HT29 cells (27). These results
are consistent with TRAF3 being a recruited component of a
LTPBR ligand-receptor signaling complex.

N-Terminally Truncated TRAF3 Inhibits LTBR-Ligand-
but Not Fas-Antibody-Induced Cell Death. TNF, Fas antibody,
or LTa;f3; initiates death in interferon-y-treated HT29.14S
cells (27). To investigate the role of TRAF3 in cell death, an
expression vector which confers G418 resistance or the vector
with a putative dominant-negative TRAF3 mutant
(TRAF3A1-367) under control of the cytomegalovirus imme-
diate early promoter was transfected into HT29.14S cells and
G418-resistant clones were selected. The resultant clones were
analyzed for LTPBR-ligand-induced death response and
TRAF3A1-367 expression. The TRAF3A1-367 protein (mo-
lecular mass of 25 kDa) was expressed in 8 of 33 clones
transfected with the TRAF3A1-367 expression vector, as
detected on a phosphorimage of electrophoresed [**S]methi-
onine/[*S]cysteine-labeled cell proteins which bound to a
LTBR-GST fusion protein (Fig. 1C). The relative abundance
of the mutant and wild-type TR AF3 proteins in the transfected
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cells was determined by PhosphorImager analysis and correc-
tion for the difference in methionine and cysteine content (2
Cys and 9 Met for TRAF3A1-367 and 28 Cys and 16 Met
residues for wild-type TRAF3). The molar ratio of endoge-
nous wild-type TRAF3 to TRAF3A1-367 in these clones
varied from 1:3 to 1:20.

The eight G418-resistant, TRAF3A1-367 expressing,
HT29.148S clones exhibited a significant attenuation of the cell
death response to soluble LTa;B, or to agonistic LTBR
polyclonal antibody as measured by a shift in the dose-
response curve when compared with control lines, including
the parent HT29.14S cells (14S, Fig. 2), a pool of vector
control-transfected cells (vec, Fig. 2), or to individual vector
control-transfected clones (P < 0.002; Table 1). The initial
pool of G418-resistant, TRAF3A1-367-transfected cells also
had an attenuated response to LTa; 3> (ICso = 2000 pM; data
not shown), indicating that the eight clones are not rare in the
initial population. However, the TRAF3A1-367-expressing
clones were similar to the control lines in sensitivity to Fas
antibody-induced apoptosis (Fig. 2 and Table 1). Interestingly,
the TRAF3A1-367 expressing clones were somewhat attenu-
ated in their sensitivity to TNF-induced cell death as compared
with the control lines (P = 0.03; Table 1). Thus, TRAF3A1-
367 inhibits LTBR-ligand-induced cell death, has no effect on
Fas-induced cell death, and appears to have a small effect on
TNF-induced cell death.

N-Terminally Truncated TRAF3 Does Not Inhibit LTBR-
Ligand-Induced NF-kB Activation. Two clones which express
TRAF3A1-367 and are highly resistant to LTBR-ligand-
induced cell death were compared with the pool of control
vector-transfected cells for LTBR-ligand-induced NF-kB ac-
tivation. The TRAF3A1-367-expressing clones did not differ
from control vector-expressing cells in surface LTBR, Fas, or
TNFR60 expression as measured by flow cytometry (data not
shown). Stimulation of TRAF3A1-367-expressing or control
HT29.14Svec cells for 15 min with LTa;8; or antibodies to
LTBR specifically induced similar levels of NF-«B activation as
revealed by an electrophoretic mobility-shift assay (Fig. 34).
TNF was also similarly efficient at inducing activation of
NF-«kB in the TRAF3A1-367 expressing and control
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F16. 2. A TRAF3 mutant inhibits cell death by LTBR. The HT29.14S clones expressing TRAF3A1-367 were incubated in medium containing
either recombinant cytokines (soluble LT« 32 or TNF) or receptor-specific antibodies (purified goat anti-LTBR IgG or anti-Fas IgM, CH11). Cells
were plated at 10* cells per well in microtiter plates and cell viability was determined after 3 days by the MTT dye reduction assay. Each data point
represent the mean = SD of triplicate wells. The HT29.14S parental line (14S) and a pool of G418-resistant clones transfected with empty pCDNA3
plasmid (vec) were used as controls. The data shown was collected in one experiment. A summary of several determinations is shown in Table 1.
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Table 1. Effect of TRAF3A1-367 on ligand-induced cell death
ICsp for ligand
Transfected LTa1 82, TNF, Anti-Fas, Anti-LTBR,
HT29.14S clones pM pM ng/ml png/ml
Empty vector 440 = 350 (12) 20 =10 (9) 60 = 58 (9) 1.2+1(9)
TRAF3A1-367 5200 = 3000** (8) 200 * 110* (8) 30 £30(8) 9.5 = 0.7* (8)

Concentration of LTa18, and TNF, anti-Fas, or goat anti-LTBR IgG required to induce 50% loss of
cell viability (ICso) as measured by MTT dye reduction assay. The ICsq values are given as the mean + SD
as determined for a number () of clones transfected with empty vector or with TR AF3A1-367 expression
vector. TRAF3A1-367 expression vector clones are those which expressed TR AF3A1-367 as determined
by binding to LTBR-GST. The statistical significance of the difference in ICso between empty vector and
TRAF3A1-367 clones was determined by the Student’s ¢ test: *, P = 0.03; *x, P < 0.002.
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HT29.14Svec cells (Fig. 34). Anti-Fas monoclonal antibody
CH11 induced NF-«B poorly, although it is a very potent signal
transducer for apoptosis in these cells, which is consistent with
apoptosis and NF-kB activation being separate pathways in
these cells. Antibodies to the p65 or p50 subunits of NF-«B, but
not to c-Rel, Rel B, or p52, super-shifted the kB oligonucle-
otide, indicating that LTa; 3, activates a p65-p50 heterocom-
plex, similar to TNF (Fig. 3B). The expression of ICAM-1, an
adhesion molecule regulated in part by NF-«B (55), is modestly
enhanced on HT29.14S cells by LT, 83, or TNF, with a shift in
mean peak fluorescence of 50-80%, 14 hr after stimulation.
TRAF3A1-367-expressing and control HT29.14Svec cells did
not differ in LT B;-induced ICAM-1 expression (not shown).
These results indicate that TR AF3A1-367 expression does not
affect LTBR-ligand-induced NF-kB activation or ICAM-1
expression.

TRAF3A1-367 Expression Does Not Inhibit TRAF3 Re-
cruitment to LTBR. To investigate whether TRAF3A1-367
interferes with LTBR signaling by binding to the LTBR and
preventing endogenous wild-type TR AF3 recruitment, ligand-
dependent recruitment of TRAF3 and TRAF3A1-367 was
compared in two clones which express TRAF3A1-367 and are
highly resistant to LTBR-ligand-induced cell death and in the
pool of control vector-transfected cells. When examined by
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F1G6.3. Activation of NF-«kB by LTBR. (4) HT29.14S clones 7 and
8 transfected with TRAF3A1-367 mutant or empty pCDNA3 vector
(V) were treated for 15 min with normal goat IgG (10 pg/ml) (lanes
1-3), LTy B2 (1 nM) (lanes 4-6), goat anti-LTBR IgG (10 ng/ml)
(lanes 7-9), or TNF (1 nM) (lanes 10-12). Nuclear extracts (4 pg) from
these cells were incubated with 32P-labeled kB oligonucleotide and
binding was analyzed by electrophoretic mobility-shift assay. Arrows
indicate the positions of the bound (b) and free (f) 32P-labeled probe.
(B) LTBR activates the NF-«B p65-p50 complex. HT29.14S cells were
incubated with 1 nM LTa;B; for 15 min. Antibodies to individual
subunits of Rel family members (lanes 2-6) were added to the nuclear
extracts for 15 min before electrophoresis. Extracts were preincubated
with an excess of unlabeled mutant «B oligonucleotide (mut) (lane 7)
or NF-«B binding site from the HIV-1 enhancer (wt) (lane 8). The
results are representative of four similar experiments.

LTBR immunoprecipitation and Western blotting with anti-
TRAF3, LTa,8; induced the same level of wild-type endog-
enous TRAF3 association with LTBR in TRAF3A1-367-
expressing cells as in control cell lines (data not shown). To
determine whether the mutant TR AF3 protein also associates
with the LTBR, cell lines were labeled with [3S]methionine
and [*S]cysteine, treated with LTay B,, and lysed after 15 min,
and the LTBR was immunoprecipitated. Both wild-type
TRAF3 (60 kDa) and TRAF3A1-367 (25 kDa) immunopre-
cipitated with LTBR from the TRAF3A1-367-expressing cell
lines after treatment with LT«;8, (Fig. 4). As before, the
amount of TRAF3 that coprecipitated with LTBR did not
differ among TRAF3A1-367-expressing and nonexpressing
cell lines. The ratio of TRAF3 to TRAF3A1-367 in the
immunoprecipitates (after correction for the differences in
Met and Cys residues) was 1.1 for both clones in two experi-
ments. This result confirms the Western blotting analyses that
TRAF3 association with LTBR is ligand dependent and un-
affected by TRAF3A1-367 overexpression. Further,
TRAF3A1-367 is present in the ligand-receptor complex in
the TRAF3A1-367 overexpressing cells, in equimolar amounts
to wild-type TRAF3, although overall TRAF3A1-367 is ex-
pressed in substantial molar excess over wild-type TRAF3 in
these cells (Fig. 1C). Since TRAF3A1-367 can interact with
TRAF3 at a high level in yeast two-hybrid assays (32, 33), one
hypothesis which would be consistent with these data is that
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Fic. 4. Recruitment of TRAFA1-367 to the LTBR signaling
complex. Cell lines were labeled for 3 hr with [3*S]methionine and
[33S]cysteine and then treated with (+) or without (—) LTa 82 at 1 nM
for 15 min. The cell lysates were subjected to immunoprecipitation
with goat anti-LTBR and separation of proteins by SDS/PAGE.
Radioactivity was detected by a PhosphorImager (pixel range 30—600).
Immunoprecipitates from the indicated cell lines formed with preim-
mune goat serum (lanes 1, 3, 5, 7, 9, and 11) or goat anti-LTBR (lanes
2,4,6,8, 10, and 12). The density of LTBR bands measured at lower
sensitivity were equivalent (<1% variation) between the cell lines.
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TRAF3A1-367 cannot compete with wild-type TRAF3 for
ligand-clustered LTBR but can hetero-aggregate with wild-
type TRAF3 bound to the receptor and thereby inhibit signal
propagation.

DISCUSSION

The experiments presented here clearly establish the existence
of two signaling pathways that emanate from the LTBR. One
pathway leads to cell death and it depends on TRAF3-
mediated signal propagation, while the second pathway leads
to NF-«B activation and has previously been shown to depend
on TRAF5-mediated signal propagation. Overexpression of an
N-terminal deletion mutant of TRAF3, TRAF3A1-367, was
used in these experiments to investigate the role of TRAF3 in
signaling cell death. TRAF3A1-367 overexpression specifically
blocked LTBR-dependent cell death, yet it did not affect
NF-«B activation by the LTa;8,-LTBR complex. These results
also highlight a functional difference between the role of
TRAF3 in LTBR-dependent NF-«kB activation and NF-«xB
activation mediated by other members of the TNFR family,
since TR AF3 inhibits NF-«B activation by CD40 and TNFRS80
(38). The TRAF3 mutant may not be able to inhibit LTBR-
dependent NF-«B activation because it is unable to compete
with NF-kB-activating TR AFs such as TRAF2 and TRAFS for
binding to LTBR. TRAF2 and TR AF5 may be more abundant
than TRAF3 or they might have higher affinity than TRAF3
for LTBR. Alternatively, TRAF2 and TRAFS5 may bind to a
different site on LTBR than TRAF3.

The separation of NF-«B-inducing and cell death-inducing
pathways in LTBR signaling is similar to the TNFR60 signal
transduction mechanism. TNF-induced NF-«B activation can
down-modulate the apoptotic effects of TNFR60 signaling
(56-58). LTBR-induced NF-«B activation may provide a
similar down-modulation of TRAF3-mediated cell death ef-
fects.

This work provides the first evidence we know of that
TRAF3 association with a TNFR is ligand dependent. TRAF3
specifically associates with the LTBR within 1 min after
treatment with LT« 3; heterotrimer or agonistic antibodies.
This result is consistent with the concept that ligand binding
induces receptor aggregation, and receptor aggregation cre-
ates higher-affinity TRAF3-binding sites or higher-affinity
binding sites for another protein that positively affects TRAF3
association with the receptor. So far, another protein is not
evident in the analyses of ligand-induced LTBR-associated
proteins. However, TRAF3 antibody detects crossreactive
LTBR-associated proteins larger than TRAF3 which are in-
dicative of ligand-induced modification of TR AF3 by another
protein that could be receptor associated.

The finding that TR AF3 association with the LTBR is ligand
dependent is consistent with the previous hypothesis that the
Epstein—-Barr virus (EBV) oncogene product, LMP1, mimics
a constitutively activated TNFR (34, 48, 59). LMP1 has six
hydrophobic transmembrane domains that enable it to con-
stitutively homoaggregate in the plasma membrane. Genetic
analyses indicate that the transmembrane domains are neces-
sary for aggregation and for LMP1 activity in various trans-
formation assays, including primary B lymphocyte transfor-
mation (60). In fact, the transmembrane domains and the part
of LMP1 that engages TRAF3 and TRAF1 are sufficient for
primary B lymphocyte growth transformation in the context of
a specifically mutated EBV recombinant (61). In EBV-
transformed primary B lymphocytes LMP1 is extensively
associated with TRAF3 and TRAF1 (48). In fact, most of the
TRAF3 and TRAF1 and a significant fraction of TRAF2 in
EBV-transformed B lymphocytes is associated with LMP1 and
most of the LMP1 is associated with TRAF3 or TRAFI.
TRAF3 can negatively regulate NF-«kB activation from the

Proc. Natl. Acad. Sci. USA 94 (1997)

LMP1 TRAF-binding domain by displacement of TRAF1 and
TRAF2.

An intriguing finding was that soluble anti-LTBR monoclo-
nal antibody (BDAS8) could induce formation of
LTBR-TRAF3 complexes. This indicates that bivalent receptor
aggregation is sufficient for efficient TRAF3 recruitment.
However, BDAS does not induce cell death in this system (27).
TRAF3 recruitment therefore is not per se sufficient for
induction of cell death. Additional events must occur after
higher-order aggregation that are necessary to activate com-
ponents of the death pathway.

Ligand-dependent recruitment of TRAF3 can be demon-
strated in HT29 cells, which typically express a low density of
receptors (=103 to 10* per cell), but in systems that overexpress
these components, the association between TRAFs and re-
ceptors is constitutive (non-ligand-dependent; ref. 39 and data
not shown). Constitutive association is most likely a result of
receptor or TRAF protein aggregation due to amplified
protein levels. TRAF3 binds directly to LTBR-GST fusion
protein (in the obvious absence of ligand), suggesting this
fusion protein mimics the ligand-receptor complex, perhaps
due to the multimeric structure of GST.

The results presented here indicate that the first 367 amino
acids of TRAF3 are critical for signal propagation that leads
to cell death from the LTBR. The LTBR-ligand complex
associates with equimolar amounts of TRAF3 and TRAF3A1-
367, and TRAF3A1-367 expression does not reduce the
amount of TRAF3 that associates with the LTBR-ligand
complex. The simplest model consistent with this finding is that
TRAF3A1-367 is added onto the ligated LTBR-TRAF3 com-
plex. The addition of TRAF3A1-367 may prevent the recruit-
ment of an effector molecule by occupying its binding site on
wild-type TRAF3. Alternatively, TRAF3A1-367 may alter the
conformation of the binding site of an effector molecule on
TRAF3. The fact that NF-«B activation is unaffected by
TRAF3A1-367 overexpression indicates that the TRAF3A1-
367 mutant does not globally affect the conformation and
signaling properties of LTBR.

Collectively, these findings implicate a role for TRAF3 in
cell death induced by LTBR and perhaps by other TNFR
family members that bind TRAF3, such as TNFRS80 (29),
CD40 (28), and CD30 (30) and suggest that there may be
alternate, non-death-domain, pathway for signaling cell death.
This death-inducing pathway in HT29 cells has characteristics
of a slow apoptotic process (27). In contrast to Fas ligand or
TNF-induced cell death, which is usually evident within a few
hours or 24 hr, respectively, LTBR-ligand-induced cell death
requires 36—72 hr. Because of the time delay between TRAF3
association and cell death the effects of TRAF3 association
with LT8R may be indirectly linked to the process of cell death.
This is consistent with the fact that soluble anti-LTBR mono-
clonal antibody (BDAS) could induce LTBR-TRAF3 associ-
ation but could not elicit cell death. The molecular mechanism
by which TRAF3 signals cell death is unknown, but it may
involve an interaction with a protein like TRADD that can
interact with TRAFs (46) and death effector proteins like
FADD (22, 23). Consistent with this possibility is our finding
that TNF-induced cell death in HT29 cells is also partially
inhibited by TRAF3A1-367.

The expression of LTa;B; by cytotoxic T cells or natural
killer (NK) cells is consistent with the possibility that cell death
could be a biologically significant function of LTBR (8). LTBR
appears to be important as a regulator of development and
homeostasis of lymphoid organs, processes which involve both
growth-promoting and apoptotic signaling. Mice lacking LT«
or LTaB do not form germinal centers during an immune
response (4, 5). Alternatively, the TR AF3-mediated pathway
may be an aberrant manifestation in tumor cells of signals
emanating from the LTBR which would be growth-promoting
in nontransformed cells (62).
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